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A  nanostructured  spinel  LiMn204  electrode  material  was  prepared  via  a  room-temperature  solid- 
state  grinding  reaction  route  starting  with  hydrated  lithium  acetate  (LiAc-2H20),  manganese  acetate 
(MnAc2-4H20)  and  citric  acid  (C6H807  H20)  raw  materials,  followed  by  calcination  of  the  precursor  at 
500  °C.  The  material  was  characterized  by  X-ray  diffraction  (XRD)  and  transmission  electron  microscope 
techniques.  The  electrochemical  performance  of  the  LiMn204  electrodes  in  2M  Li2S04,  1  M  LiN03,  5M 
LiN03  and  9  M  LiNCh  aqueous  electrolytes  was  studied  using  cyclic  voltammetry,  ac  impedance  and  gal- 
vanostatic  charge/discharge  methods.  The  LiMn204  electrode  in  5M  LiN03  electrolyte  exhibited  good 
electrochemical  performance  in  terms  of  specific  capacity,  rate  dischargeability  and  charge/discharge 
cyclability,  as  evidenced  by  the  charge/discharge  results. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Compared  with  layered  UC0O2  and  LiNi02  intercalation  com¬ 
pounds,  spinel  LiMn204  has  the  advantages  of  naturally  abundant, 
low  cost,  less  toxic  and  facile  preparation,  and  has  attracted 
great  attentions  as  an  alternative  positive  electrode  material  for 
nonaqueous  electrolyte  lithium  ion  batteries  [1-3].  However,  its 
cycle  stability  is  poor  (especially  at  higher  temperatures)  due  to 
Jahn-Teller  distortion  and  manganese  dissolution  into  electrolyte 
during  cycling.  For  this  reason,  researchers  attempt  to  improve 
its  cycle  stability  using  various  approaches,  such  as  surface  coat¬ 
ing  [4,5],  chemical  doping  [6,7],  etc.  Although  nonaqueous  organic 
electrolyte  has  the  feature  of  wide  electrochemical  window,  it  has 
also  the  drawbacks  of  flammability,  low  conductivity  and  high  cost. 
Whereas,  aqueous  electrolyte  has  the  advantages  of  high  conduc¬ 
tivity  and  low  cost.  In  1994,  Li  and  Dahn  first  reported  a  lithium  ion 
battery  with  LiMn204  positive  electrode,  V02  negative  electrode 
and  5M  LiN03  aqueous  electrolyte  [8].  Thereafter,  studies  on  Li+ 
ion  batteries  with  aqueous  electrolytes  received  interests  gradually 
[9-26].  Some  are  concerned  with  the  preparation  and  electro¬ 
chemical  properties  of  LiMn204  in  Li+  ions  that  contained  aqueous 
electrolytes  [11,13-18,21,22,26],  and  the  others  are  concerned  with 
aqueous  Li+  ion  batteries  [9,12,20,23-25]  or  supercapacitor  [19]  in 
the  presence  of  LiMn204  as  the  positive  electrodes.  In  these  stud¬ 
ies,  various  aqueous  electrolytes  were  used,  such  as  3-9  M  LiN03 


*  Corresponding  author.  Tel.:  +86  21  66134851 ;  fax:  +86  21  66132797. 
E-mail  address:  abyuan@shu.edu.cn  (A.  Yuan). 


[8,9,11-14,16,18,21  -26],  1  M  LiCl  [15],  1  M  or  2  M  Li2S04  [19,20]  and 
LiCF3S03  [21].  However,  no  comparative  study  of  electrochemical 
performance  of  LiMn204  electrode  in  different  aqueous  electrolytes 
and  no  long-term  cycling  (full  cycling)  of  LiMn204  electrode  were 
reported.  Besides,  few  studies  about  electrochemical  properties  of 
nanostructured  LiMn204  in  aqueous  electrolyte  was  reported  up  to 
now.  In  2000,  Li  et  al.  [13]  studied  the  rate  capability  of  LiMn204 
nanotube  (with  different  sizes  of  150, 230  and  400  nm)  electrodes  in 
saturated  aqueous  LiN03  (~9  M)  solution.  This  study  demonstrated 
that  the  rate  capability  improved  with  decreasing  wall  thickness  of 
the  tubules  which  formed  the  electrode. 

In  the  present  work,  a  nanostructured  spinel  LiMn204  material 
was  prepared  via  a  room-temperature  solid-state  grinding  reaction 
route  starting  with  lithium  acetate  (LiAc-2H20),  manganese  acetate 
(MnAc2-4H20)  and  citric  acid  (C6H807  H20),  followed  by  calcina¬ 
tion  of  the  precursor  at  500  °C.  This  is  a  facile  preparation  method 
which  is  distinguished  from  the  commonly  used  high-temperature 
solid-state  reaction  or  sol-gel  technique  reported  in  most  litera¬ 
tures.  The  electrochemical  performance  of  the  LiMn204  electrode 
in  different  aqueous  electrolytes  was  investigated  with  an  emphasis 
on  full  charge/discharge  cycling. 

2.  Experimental 

2.1.  Preparation  and  characterization  of  nanostructured  LiMn204 
material 

LiAc-2H20,  Mn(Ac)2-4H20  and  C6H807  H20  with  molar  ratio 
of  1:2:3  were  ground  in  a  mortar  for  about  1  h  at  ambient 
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Fig.  1.  XRD  pattern  of  LiMn204  material. 


temperature.  In  the  grinding  process,  a  solid-state  reaction  took 
place,  accompanying  with  crystalline  water  releasing  gradually, 
causing  the  reaction  system  wet  and  pasty.  The  pasty  substance 
was  treated  in  a  water  bath  of  80  °C  for  4h,  and  then  a  precursor 
was  obtained.  The  precursor  was  calcined  at  500  °C  for  12  h,  and 
then  the  LiMn204  product  was  obtained. 

X-ray  diffraction  (XRD)  analysis  of  the  LiMn204  material  was 
conducted  on  a  Rigaku  D/max-2000  X-ray  powder  diffractometer 
with  a  Cu  Ka  radiation  (40  kV,  250  mA)  over  the  20  range  of  10-90° 
at  a  scan  rate  of  0.02°  s-1 .  Morphological  observation  of  the  mate¬ 
rial  was  carried  out  using  a  JEOL  JEM-200CX  transmission  electron 
microscope. 

2.2.  Fabrication  and  electrochemical  testing  ofLiMn204 
electrodes 

LiMn204  electrodes  were  fabricated  as  follows:  LiMn204  active 
material,  acetylene  black  conductor  and  polytetrafluoroethylene 
binder  with  weight  ratio  of  75:20:5  were  mixed  thoroughly  to  form 
slurry.  The  slurry  was  coated  onto  a  titanium  mesh  current  collec¬ 
tor  with  an  apparent  area  of  1  cm  x  1  cm,  dried  at  80  °C  for  12  h,  and 
then  roll-pressed  to  ca.  0.7  mm  thick. 

Electrochemical  measurements  of  the  LiMn204  electrodes  were 
performed  in  a  three-electrode  configuration  glass  cell,  with 
LiMn204  and  activated  carbon  as  working  and  counter  electrodes, 
respectively,  and  saturated  calomel  electrode  (SCE)  as  reference 
electrode.  2  M  Li2S04, 1  M  LiN03, 5  M  LiN03  and  9  M  LiN03  aqueous 
solutions  with  pH  values  of  5.81,  5.71,  5.56,  and  5.34,  respectively, 


Fig.  3.  CVs  ofLiMn204  electrodes  in  2  M  Li2S04  solution  at  different  scan  rates. 

were  used  as  electrolytes.  Cyclic  voltammetry  and  ac  impedance 
measurements  were  carried  out  using  a  Solartron  instrument 
Model  1287  coupled  with  a  1255B  FRA.  The  impedance  spectra 
were  measured  at  discharged  state  with  open  circuit  potentials  of 
0.6052,  0.6672,  0.6097  and  0.3049  V  (SCE)  for  the  electrodes  in  2  M 
Li2S04, 1  M  LiN03, 5  M  LiN03  and  9  M  LiN03  solutions,  respectively. 
Charge/discharge  tests  were  conducted  using  a  LAND  auto-cycler 
(China).  All  the  tests  were  conducted  at  30  °C. 

3.  Results  and  discussion 

3.1.  XRD  analysis  and  TEM  observation  ofLiMn204  material 

Fig.  1  shows  the  XRD  pattern  of  the  LiMn204  material.  The 
diffractions  occurred  at  20  =  18.62°,  36.08°,  37.72°,  43.88°,  48.12°, 
58.30°,  63.86°,  67.10°,  75.64°,  76.80°,  80.62°  and  83.72°  should 
be  indexed  to  the  characteristic  diffractions  of  spinel  LiMn204 
(PDF  35-0782).  In  addition,  two  faint  diffraction  peaks  at  32.86° 
and  55.14°  corresponding  to  the  strongest  diffractions  of  Mn203 
(PDF  78-0390,  73-1826,  71-0636,  71-0635)  can  be  observed.  XRD 
result  demonstrates  that  the  obtained  material  belongs  to  face- 
centered  cubic  spinel  LiMn204  (space  group:  Fd3m,  cell  parameters: 
a  =  8.247  A)  with  trace  amounts  of  Mn203  phase. 

Fig.  2(a)  and  (b)  shows  the  TEM  images  of  the  LiMn204  mate¬ 
rial  with  different  magnifications.  It  can  be  seen  from  Fig.  2(a)  that 
the  material  is  composed  of  particles  with  a  wide  size  distribution, 
about  20  nm  to  1  [xm.  As  can  be  seen  in  Fig.  2(b),  the  larger  sub- 
micronic  particles  are  aggregates  of  nanoscale  crystallites  less  than 


Fig.  2.  TEM  images  of  LiMn204  material  with  different  magnifications. 
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Fig.  4.  CVs  of  LiMn204  electrodes  in  different  LiN03  solutions  at  1  mV  s_1 . 


100  nm.  Based  on  the  data  of  full  width  at  half  maximum  (FWHM) 
of  the  characteristic  diffractions  in  XRD  and  Scherrer’s  formula 
D  =  0.89X1  B  cos  0,  the  average  size  of  the  crystallites  is  estimated 
to  be  about  50  nm.  This  further  indicates  that  the  larger  particles 
shown  in  TEM  photographs  are  aggregates  of  nanoscale  crystallites. 

3.2.  Electrochemical  studies  ofLiMn204  electrodes  in  different 
aqueous  electrolytes 

Fig.  3  shows  the  cyclic  voltammographs  (CVs)  of  the  LiMn204 
electrodes  in  2  M  Li2S04  solution  at  different  scan  rates.  The  current 
responses  are  obtained  based  on  the  mass  of  the  LiMn204  active 
material.  As  can  be  seen,  at  the  low  scan  rate  of  0.3  mV  s-1,  two 
couples  of  reversible  redox  peaks  can  be  observed,  which  is  consis¬ 
tent  with  the  reports  in  literatures  [13,15,18,21,22].  The  anodic  and 
cathodic  peaks  of  the  lower  potential  couple  occur  at  0.85  and  0.63  V 
(SCE),  respectively,  and  those  of  the  higher  potential  couple  occur 
at  1.02  and  0.78  V,  respectively.  The  Li+  ions  abstraction/insertion 
reaction  of  the  LiMn204  electrode  can  be  expressed  as: 

LiMn204  *=±  Lii_xMn204  +  xLi+  +  xe_  (0  <  x  <  1 ) 

the  two  couples  of  redox  peaks  should  be  attributed  to  Li+ 
ions  abstraction  from/insertion  into  two  different  lattice  sites  in 
LiMn204  [26],  which  are  similar  to  the  behaviors  of  LiMn204  elec¬ 
trodes  in  nonaqueous  electrolytes  in  the  corresponding  potential 
range  [2,3].  The  lower  potential  redox  peaks  correspond  to  Li+ 
abstraction  and  insertion  over  the  x  value  range  of  0  <  x  <  0.5  in 
LixMn204,  and  the  higher  potential  redox  peaks  correspond  to  Li+ 
abstraction  and  insertion  over  the  x  value  range  of  0.5  <x<  1  [13]. 

However,  when  the  scan  rate  is  increased  to  1  mVs-1,  the  two 
couples  of  redox  peaks  are  overlapped,  and  hence  only  one  cou¬ 
ple  of  wide  redox  peaks  can  be  observed.  Besides,  the  anodic  and 
cathodic  peak  potentials  shift  toward  positive  and  negative  direc¬ 
tions,  respectively,  and  the  peak  currents  are  obviously  increased. 
Judging  from  the  shape  of  the  CVs  obtained  either  at  0.3  or  at 
1  mV  s_1 ,  a  good  symmetry  is  exhibited  for  the  oxidation  and  reduc¬ 
tion  processes.  In  addition,  the  onset  potential  of  oxygen  evolution 
shifts  from  ca.  1.2  to  1.4  V  when  the  scan  rate  is  increased  from  0.3 
to  1  mV  s-1 .  This  can  be  explained  as  follows:  when  the  electrode  is 
charged  to  higher  potentials,  the  Li+  deintercalation  will  compete 
with  the  oxygen  evolution.  When  the  scan  rate  is  increased  from  0.3 
to  1  mVs-1,  the  increment  of  overpotential  of  oxygen  evolution  is 
larger  than  that  of  Li+  deintercalation  owing  to  the  different  kinet¬ 
ics  of  the  two  reactions.  Hence,  it  follows  that  the  oxygen  evolution 
could  be  delayed  at  higher  scan  rates. 


Fig.  4  shows  the  CVs  of  the  LiMn204  electrodes  in  1  M,  5  M  and 
9M  LiN03  solutions,  respectively  at  1  mVs-1.  As  can  be  seen,  the 
LiMn204  electrodes  in  different  concentrations  of  LiN03  solutions 
exhibit  obvious  redox  current  peaks,  but  show  different  character¬ 
istics.  In  1  M  LiN03  solution,  only  one  couple  of  redox  peaks  can 
be  observed.  This  couple  of  wide  redox  peaks  should  be  ascribed 
to  overlap  of  two  couples  of  redox  peaks  as  similar  to  the  case  in 
2M  Li2S04  solution  (see  Fig.  3).  However,  in  5M  and  9M  LiN03 
solutions,  two  distinguishable  adjacent  reduction  peaks  can  be 
observed,  while  the  corresponding  two  oxidation  peaks  are  diffi¬ 
cult  to  be  distinguished.  Compared  with  the  CVs  in  1  M  LiN03  or  in 
2  M  Li2S04  solutions,  the  reduction  peak  potentials  are  obviously 
moved  forward,  and  the  redox  currents  are  increased  markedly. 
In  9  M  LiN03  solution,  the  oxidation  peak  potential  is  also  moved 
forward.  Compared  with  Fig.  3,  the  peak  current  response  of  the 
electrode  in  5  M  or  9  M  LiN03  solution  is  larger  than  that  in  2  M 
Li2S04  solution  at  the  identical  scan  rate  of  1  mV  s_1,  and  the  peak 
current  response  in  1  M  LiN03  solution  is  lower  than  that  in  2  M 
Li2S04  solution.  The  above  results  suggest  that  the  reversibility  of 
the  electrode  reaction  in  5  M  or  9  M  LiN03  solution  is  much  superior 
to  that  in  1  M  LiN03  or  2  M  Li2S04  solution.  As  seen  by  the  differ¬ 
ence  between  the  peak  potentials  of  oxidation  and  reduction,  the 
reaction  reversibility  of  the  electrode  in  5  M  LiN03  solution  is  the 
best. 

Fig.  5  displays  the  Nyquist  plots  of  the  LiMn204  electrodes  in 
different  electrolytes.  The  impedance  values  (in  fig)  are  based  on 
the  mass  of  LiMn204,  and  the  inset  is  the  close  up  view  of  the 
ac  impedance  in  high-frequency  region.  As  can  be  seen,  the  ac 
impedance  spectra  obtained  in  different  electrolytes  consist  of  a 
high-frequency  arc  and  a  low-frequency  line.  This  observation  is 
similar  to  the  ac  impedance  spectra  of  LiMn204  thin  film  elec¬ 
trodes  in  LiN03  solutions  [18,21  ].  The  high-frequency  arc  should  be 
attributed  to  charge  transfer  process  whose  size  reflects  the  charge 
transfer  resistance,  and  the  low-frequency  line  corresponds  to  dif¬ 
fusion  process  of  Li+  ions  in  LiMn204  solid  [18,21  ].  With  decreasing 
frequency,  the  slope  angle  of  the  line  is  increased  from  the  initial 
value  of  ca.  45°  to  an  almost  vertical  line,  exhibiting  a  diffusion 
characteristic  of  a  porous  electrode  other  than  an  ideal  Warburg 
semi-infinite  diffusion.  This  suggests  that  the  Li+  ion  diffusion  in 
bulk  LiMn204  proceeds  quickly  [21],  which  is  likely  related  to  the 
nanostructure  of  the  LiMn204  material.  The  ohmic  resistance  in  5  M 
or  in  9  M  LiN03  solution  is  less  than  that  in  1  M  LiN03  or  in  2  M 
Li2S04  solution,  due  to  the  higher  conductivity  of  5  M  or  9  M  LiN03 
solution.  The  charge  transfer  resistance  in  5  M  or  in  9  M  LiN03  solu¬ 
tion  is  small,  which  is  increased  a  little  in  2  M  Li2S04  solution,  and 
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Fig.  5.  Nyquist  plots  of  LiMn204  electrodes  measured  at  discharged  state  with  open 
circuit  potentials  of  0.6052,  0.6672,  0.6097  and  0.3049  V  (SCE)  in  2M  Li2S04,  1  M 
LiN03,  5  M  LiN03  and  9  M  LiN03  solutions,  respectively. 
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Fig.  6.  Charge  and  discharge  profiles  of  LiMn204  electrodes  in  different  electrolytes 
at  a  current  rate  of  500  mA  g-1 . 


Fig.  8.  Charge/discharge  cycle-life  profiles  of  LiMn204  electrode  in  different  elec¬ 
trolytes  at  a  current  rate  of  500  mAg-1. 


while,  the  charge  transfer  resistance  is  increased  remarkably  in  1  M 
UNO3  solution.  These  results  suggest  that  the  electrolyte  can  not 
only  influence  the  ohmic  resistance  but  also  influence  the  charge 
transfer  resistance  of  the  electrode. 

Fig.  6  shows  the  charge  and  discharge  profiles  of  the  LiMn204 
electrodes  in  different  electrolytes  at  the  current  rate  of  500  mA  g-1 
(based  on  the  mass  of  LiMn204)  over  the  operating  potential  range 
of  0.2-1.3  V  (SCE).  In  5  M  or  in  9  M  UNO3  solutions,  two  distinguish¬ 
able  potential  plateaus  for  charging  or  discharging  can  be  observed, 
corresponding  to  the  two  couples  of  redox  peaks  observed  in  the 
CVs  (see  Fig.  4).  While,  in  1  M  LiN03  or  in  2  M  Li2S04  solution,  no 
distinguishable  plateau  could  be  observed.  This  is  because  that  the 
high-rate  reversibility  of  the  electrode  in  5  M  or  in  9  M  UNO3  solu¬ 
tion  is  superior  to  that  in  1  M  LiN03  or  in  2  M  Li2S04  solution,  as 
revealed  by  the  CV  results.  Fligher  charge/discharge  current  rates 
correspond  to  higher  scan  rates  in  CV.  At  higher  current  rates,  the 
reaction  reversibility  of  the  electrode  in  1  M  LiN03  or  in  2  M  Li2S04 
solution  becomes  poor.  In  addition,  the  charge  and  discharge  poten¬ 
tials  in  9  M  LiN03  solution  are  higher  than  those  in  5  M  LiN03 
solution,  which  is  consistent  with  the  observed  peak  potentials  in 
CVs  (see  Fig.  4).  The  charge/discharge  specific  capacities  and  the 
discharge  potentials  of  the  electrode  in  different  electrolytes  follow 
the  order:  9 M  LiN03  > 5 M  LiN03  >2  M  Li2S04  >  1  M  LiN03. 

Fig.  7  shows  the  discharge  specific  capacities  of  the  LiMn204 
electrode  in  different  electrolytes  at  different  charge/discharge  cur¬ 
rent  rates  over  the  operating  potential  range  of  0.2-1.3  V  (SCE).  As 


Fig.  7.  Discharge  specific  capacities  of  LiMn204  electrodes  in  different  electrolytes 
at  different  current  rates. 


can  be  seen,  in  the  current  range  of  500-1000 mAg-1,  the  spe¬ 
cific  capacities  of  the  electrodes  in  different  solutions  decrease 
with  current  rate  increasing,  but  show  different  fading  magni¬ 
tudes.  For  example,  when  the  current  rate  is  increased  from  500 
to  1000 mAg-1,  the  specific  capacities  of  the  electrodes  in  2M 
Li2S04, 1  M  LiN03, 5  M  LiN03  and  9  M  LiN03  solutions  are  decreased 
from  114.0,  108.3,  119.1  and  121.6  mAh  g-1  to  92.7,  68.7,  104.9  and 
107.2  mAh  g-1,  i.e.,  decreased  by  18.6%,  36.6%,  11.9%  and  11.8%, 
respectively.  The  rate  capabilities  follow  the  order:  9  M  UNO3  >  5  M 
UNO3  >2  M  U2S04  >  1  M  LiN03,  which  is  in  agreement  with  the  ac 
impedance  results  in  Fig.  5.  That  is  to  say,  the  rate  dischargeability 
decreases  with  the  electrode  impedance  increasing.  As  can  be  seen, 
at  any  a  current  rate,  the  specific  capacities  follow  the  order:  9  M 
UNO3  >  5  M  UNO3  >  2  M  Li2S04  >  1  M  LiN03.  The  above  results  indi¬ 
cate  that  the  LiMn204  electrode  in  5  M  or  in  9  M  LiN03  solution  has 
higher  specific  capacity  and  discharge  potential  as  well  as  better 
rate  dischargeability,  which  is  likely  related  to  the  Li+  ions  activi¬ 
ties  and  conductivities  of  the  different  electrolytes.  In  Ref.  [26],  the 
discharge  specific  capacities  of  the  LiMn204  electrode  in  5  M  LiN03 
electrolyte  at  C/1.5, 2C,  3C,  4C and  7Crates  were  reported  to  be  ca.  73, 
69,  67,  61  and  52  mAhg-1,  respectively.  The  theoretical  capacity  of 
LiMn204  electrode  is  ca.  148  mAhg-1  (x  =  0-l  inLii_xMn204).Inthe 
present  work,  the  specific  capacities  of  the  LiMn204  electrode  in  5  M 
LiN03  electrolyte  at  500, 600, 700, 800, 900  and  1000 mAg-1  rates 
(corresponding  to  about  3.4C,  4.1  C,  4.7C,  5.4C,  6.1  C  and  6.8C,  respec¬ 
tively,  based  on  the  theoretical  capacity)  are  119.1, 116.9, 113.7, 110.4, 
107.4  and  104.9  mAh  g-1 ,  respectively.  The  specific  capacity  and  rate 
capability  of  the  LiMn204  electrode  in  this  work  are  higher  than 
those  reported  [26]. 

Fig.  8  shows  the  charge/discharge  cycle-life  profiles  of  the 
LiMn204  electrodes  in  different  electrolytes  at  the  current  rate  of 
500 mAg-1  over  the  operating  potential  range  of  0.2-1.3V  (SCE). 
In  the  initial  150  cycles,  no  significant  difference  in  cycling  stabil¬ 
ity  between  the  different  electrolytes  could  be  observed.  However, 
after  150  cycles  the  difference  appeared  gradually.  The  electrode  in 
5  M  LiN03  solution  presents  the  best  cycling  stability  with  capacity 
retention  of  71.2%  after  600  cycles.  The  cycling  stability  in  1  M  LiN03 
solution  takes  the  second  place,  with  capacity  retention  of  68.8% 
after  500  cycles.  In  2  M  Li2S04  and  in  9  M  LiN03  solutions,  the  capac¬ 
ity  retentions  are  69.3%  and  67.2%,  respectively,  after  400  cycles, 
presenting  the  poor  cycling  stabilities.  In  general,  the  electrode 
in  5M  LiN03  solution  presents  the  best  electrochemical  perfor¬ 
mance,  with  not  only  higher  initial  specific  capacity  and  good  rate 
dischargeability,  but  also  better  cycling  stability. 

Owing  to  the  superior  electrochemical  performance  of  the 
LiMn204  electrode  in  5M  LiN03  solution,  it  can  be  used  as  posi- 
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Fig.  9.  Cycle  life  (a)  and  charge/discharge  profile  (b)  of  LiMn204  electrode  in  5  M 
LiN03  electrolyte  at  a  high  current  rate  of  1000  mAg-1. 

tive  electrodes  for  aqueous  lithium  ion  batteries  or  supercapacitors, 
for  example,  Li Mn204/ activated  carbon  capacitors.  Fig.  9(a)  shows 
the  cycle  life  and  current  efficiency  of  the  LiMn204  electrode  in 
5M  LiN03  electrolyte  at  the  high  current  rate  of  1000 mAg-1, 
and  Fig.  9(b)  shows  the  charge/discharge  profile  of  initial  several 
cycles.  At  this  high  current  rate,  the  initial  specific  capacity  is  ca. 
105  mAh  g-1,  corresponding  to  an  average  specific  capacitance  of 
344  F  g-1  over  the  potential  range  of  0.2-1.3  V  (SCE).  As  can  be  seen 
in  Fig.  9(b),  the  electrode  potential  drops  fast  after  discharged  to 
0.5  V,  that  is  to  say,  in  the  potential  range  of  0.5-0.2  V,  the  discharge- 
able  capacity  is  low.  If  we  calculate  based  on  the  actual  discharge 
capacity  over  the  discharge  potential  range  of  1.3-0.5  V,  the  aver¬ 
age  specific  capacitance  over  the  potential  range  of  1.3-0.5V  can 
reach  a  high  value  of  473  Fg-1.  As  can  be  seen  in  Fig.  9(a),  after 
1500  cycles,  the  capacity  retention  can  maintain  at  71.3%,  exhibit¬ 
ing  a  superior  cycling  stability  than  cycled  at  500  mAg-1 .  Besides, 
a  high  charge/discharge  current  efficiency  of  ca.  100%  can  be 
achieved. 


4.  Conclusions 

The  LiMn204  electrode  material  was  prepared  using  a  room- 
temperature  solid-state  reaction  route  starting  with  LiAc-2H20, 
MnAc2-4H20  and  CgFIgOyl-^O  followed  by  calcination.  XRD 
revealed  that  the  material  is  spinel  LiMn204  with  trace  amounts 
of  Mn203  phase.  The  material  is  composed  of  particles  ranged  from 
ca.  20  nm  to  1  p,m,  and  the  submicronic  particles  are  aggregates 
of  nanoscale  crystallites,  as  demonstrated  by  TEM  observation. 
Electrochemical  results  indicated  that  the  LiMn204  electrodes  in 
different  electrolytes  can  show  different  specific  capacities,  rate 
dischargeabilities  and  charge/discharge  cyclabilities.  The  electrode 
in  5  M  LiN03  solution  exhibited  the  best  electrochemical  perfor¬ 
mance,  with  high  specific  capacity,  good  rate  dischargeability  and 
good  cyclability,  which  would  be  used  as  a  promising  positive  elec¬ 
trode  for  aqueous  lithium  ion  batteries  or  supercapacitors. 
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